Hepatocyte growth factor (HGF) signaling drives epithelial cells to scatter by breaking cell-cell adhesions and migrating as solitary cells, a process that parallels epithelial-mesenchymal transition. HGF binds and activates the c-met receptor tyrosine kinase, but downstream signaling required for scattering remains poorly defined. Here we apply a chemical biology approach to identify components of HGF signaling that are required for scattering in an in vitro model system. This approach yields a number of small molecules that block HGF-induced scattering, including a calcium channel blocker. We show that HGF stimulation results in sudden and transient increases in ion channel influxes at the plasma membrane. Though multiple channels occur in the membranes of our model system, we find that TrpC6 is specifically required for HGF-induced scattering. We further demonstrate that HGF-induced ion influxes through TrpC6 channels coincide with a transient increase in NFAT-dependent gene transcription and that NFAT-dependent gene transcription is required for HGF-induced cell scattering.
INTRODUCTION
Epithelial-mesenchymal transition (EMT), where individual cells detach from epithelial tissues and migrate to distant sites, is an essential process in embryonic development. EMT occurs during cancer metastasis, and it is thought that inappropriate activation of signaling that drives EMT in development drives cancer progression in tumors (Thiery, 2003) . Scatter factor/hepatocyte growth factor (HGF), which binds and activates the c-met receptor tyrosine kinase, drives EMT during development (Sonnenberg et al., 1993) , scattering of epithelial cells in culture (Weidner et al., 1990) , and is implicated in cancer progression (Renzo et al., 1995) .
Overexpression or activating mutations of c-met are observed in a number of tumor types and are associated with increased cell proliferation, survival, and cancer metastasis.
Despite the clinical relevance of HGF signaling, it remains poorly defined at the molecular level. One reason is that approaches designed to dissect entire signaling networks have not been applied to HGF signaling. Signaling immediately downstream of the c-met receptor has received a significant amount of research attention. A number of additional components have also been implicated in HGF signaling. However, their position in any c-met "pathway" remains unclear and the relationship of specific signaling components with specific signaling outcomes (scattering, proliferation, and survival) complicates our understanding of this signaling network.
In this study, we employ an unbiased chemical screening approach to identify molecular components of HGF signaling. Identification of a neuronal calcium channel blocker as an inhibitor of HGF signaling led us to observe rapid, large, and transient increases in ion fluxes at the plasma membrane of MDCK cells stimulated with HGF. We show that NFAT-dependent gene transcription is connected to these ion fluxes and that NFAT is required for HGF-induced cell scattering characteristic of EMT.
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RESULTS
Design, validation and application of a small-molecule screen for inhibitors of HGFinduced cell scattering
We sought to develop a screening assay that measures HGF-induced EMT. The response of MDCK cells to HGF stimulation has been well documented; treatment of MDCK cells with HGF results in detachment of cell-cell junctions and initiation of cell migration and invasion (Weidner et al., 1990) . HGF-induced migration across a transwell filter has been used to monitor EMT-like scattering of MDCK and other cell lines in response to HGF and other stimuli. To validate this assay for screening, MDCK cells were seeded onto transwell filters, allowed to form a monolayer for 24 hours, and then treated with increasing amounts of HGF. A dose-dependent response to HGF is clearly observed (Fig. 1A) . In control assays, few cells are detected on the underside of the filter. Increasing numbers of cells correlates with HGF addition, but rapidly reaches maximum. To determine the statistical limitations of this screening assay, a series of eight positive (HGF treated) and negative (untreated) control assays were run and quantified, generating a Z prime value of 0.48 for the assay. This indicates that the assay is not quite ideal, but should allow detection of compounds that moderately or strongly inhibit HGF-induced cell scattering.
To validate this assay for small molecule screening, we next tested the assay system against the known c-met inhibitor SU11274 (Sattler et al., 2003) . Importantly, DMSO has no effect on HGF-induced cell scattering in this assay below 2% final concentration (data not shown) and we performed all drug dilutions such that the final DMSO concentration in each assay did not exceed 1%. SU11274 treatment prevented cells from responding to HGF stimulation as measured using the cell scattering assay (Fig. 1B) . Further, quantitation of the Journal of Cell Science Accepted manuscript concentration dependence of SU11274 resulted in a calculated EC50 value (17.6nM) that is very close to the published ID50 for SU11274 (20nM).
Given that our cell scattering assay successfully detects small molecule inhibitors of HGF signaling, library screening was performed on a panel of 50,000 drug-like compounds. To facilitate rapid screening and reduce the number of plates to be analyzed, individual assays were treated with a mixture of 3 distinct compounds, each at 5µM final concentration. Of 16,667 individual assays containing screening compounds, 38 individual assays showed inhibition of HGF-induced scattering. Cytotoxicity, detected when both the upper and lower surfaces of the transwell filter were devoid of crystal violet staining, was observed in only 5 individual assays.
Compounds in individual assays demonstrating reduced scattering or cytotoxicity were re-tested as single compounds in subsequent assays. 38 individual compounds that inhibit HGF-induced scattering were validated individually, an initial hit rate of 0.076%, while only 5 individual compounds (0.01%) are cytotoxic. Chemical structure analysis of the 38 compounds identified in the original screen revealed 22 structurally distinct compound families. A single compound that was predicted to be reactive was discarded from analysis at this stage. The average family size was 1.8 compounds, with most families (11 of 22) represented by single chemical structures.
Physicochemical properties of the 37 hit compounds were compared to those of the entire chemical library. While the chemical library contained compounds with a wide molecular weight range (from under 200 to over 500 Daltons), hit compounds were restricted to a narrower molecular weight range, namely 205-413 Daltons (Fig. 1C) . That the distribution of molecular weights of hit compounds did not appear bell-shaped suggests that there are minimum and maximum size restrictions for compounds in our cell-based assay. Distributions of hydrophobicity, as calculated by clogP, and polar surface area, as calculated by tPSA, properties of hit compounds did not differ significantly from the distribution of the library as a whole ( Fig.   1D-E) . However, the distribution of solubility properties, as determined by logSw scores, is slightly more negative for hit compounds than for the entire library (Fig. 1F) . While the reason for this is uncertain it likely reflects solubility and membrane permeability constraints on successful compounds in high content, cell-based assays. Refining criteria used to select compounds for libraries might be expected to increase the hit rate in such screens.
Compounds reveal the cell biology of HGF-induced scattering
Biological activities and molecular mechanisms of hit compounds are expected to reveal molecular components required for HGF-induced scattering. Compounds identified in screening can be separated into three groups: 15 compounds work via an unknown molecular target, 4 compounds target microtubules, and 3 work by targeting non-cytoskeletal systems. The first group of compounds shed little light on HGF signaling. Molecular target identification, whether by screening for inhibitory activity in high-throughput biochemical assays or by identifying binding proteins, is required to reveal how HGF signaling is perturbed by the presence of these small molecules.
The second group of small molecules identified in screening share reported activity as microtubule poisons. This includes the largest family of compounds that share significant structural similarity, with 7 piperazine-based derivatives within the cluster ( Fig. 2A) . Three unrelated structure families bearing 1-2 members each are also reported to have activity in preventing microtubule polymerization or in causing depolymerization of existing microtubules ( Fig. 2B-D) (Gelvan et al., 2003; Kim et al., 2009; Morgan et al., 2008) . Microtubules play a fundamental role in a number of cellular processes, including vesicle trafficking and cell Journal of Cell Science Accepted manuscript polarity. Thus, though it is possible that perturbation of microtubule-based processes exerts a direct effect on HGF-induced scattering, it is unsurprising that perturbation of the microtubule cytoskeleton prevents dramatic cellular morphology changes initiated by HGF stimulation.
The third group of small molecules identified in the HGF screen includes those with reported mechanisms of biological activity against specific target proteins, thus revealing the most about molecular events triggered during HGF-induced scattering. One compound affects protein folding by targeting HSP90 (Foley and Ying, 2008) (Fig. 2E) . Inhibition of protein folding could decrease the levels of components required for HGF signaling, perhaps most importantly the c-met receptor (Webb et al., 2000) . Since drug treatment immediately preceded HGF stimulation, it is unlikely that HSP90 client protein levels would be reduced except in cases of exceptionally high turnover. However, HGF stimulation does require a downstream increase in c-met expression (Boccaccio et al., 1994) . It is our hypothesis that HSP90 inhibitors prevent cells from responding to HGF by reducing the production of available functional c-met receptors following initial receptor stimulation. A second compound (Fig. 2G) belongs to a class of small molecules that inhibit function of αVβ3integrins (Dayam et al., 2006) . During EMT, cells alter integrin expression and localization in a manner that is thought to enhance cell migration and reduce cell-cell adhesion (Clark, 1994) . Both of these inhibitors affect targets with obvious connections to HGF signaling. More surprising was the identification of N-allyl-4-(4-morpholinylcarbonyl)benzenesulfonamide (NA(4MC)BS), an independently identified neuronal calcium channel blocker (Milutinovic et al., 1999) , as an inhibitor of HGF induced scattering (Fig. 2H) .
HGF stimulation activates microtubule-dependent ion fluxes at the plasma membrane
Since a neuronal calcium channel blocker inhibits HGF-induced cell scattering, we sought to confirm the role of calcium currents in HGF-induced scattering by assessing the effect of two generic calcium channel blockers, econazole and ruthenium red, in our original screening assay. Both significantly reduce scattering (Fig. 3A) , confirming that calcium influxes are required for HGF-induced scattering. We then sought to determine whether calcium influxes are required for HGF-induced increases in cell migration and proliferation. Remarkably, only econazole reduced lateral migration and proliferation of HGF-stimulated cells (Fig. 3B) .
In order to measure changes in ion fluxes following HGF stimulation, we next employed electrophysiological methods to record calcium currents at the plasma membranes of MDCK cells following HGF treatment. Ion fluxes were recorded for 10 minutes prior to HGF addition, revealing a low frequency of channel opening events. These fluxes occur as high or low conductance events, allowing us to resolve at least two distinct channels in the plasma membrane of MDCK cells. Though no change in channel opening frequency is observed immediately after HGF treatment, transient and significant increases in channel opening frequency are observed 8.2 (±2.7 = 95% C.I., n=5) and 30.4 (±3.5 = 95% C.I., n=5) minutes after administration of HGF ( Fig. 3C-F) . The first increase is both smaller, at 16 (±9.40 = 95% C.I., n=5) fold above baseline, and shorter in duration, at 2.0 (±0.800 = 95% C.I., n=4) minutes, than the latter increase, which reaches 37 (±26.7 = 95% C.I. n=5) fold above baseline and lasts 7.5 (±3.35 = 95% C.I., n=4) minutes. While the size and duration of these surges are highly variable from experiment to experiment, without exception, the second surge is always higher (2.5 (±0.942 = 95% C.I., n=5) fold above the first peak) and longer in duration (3.7 (±0.611 = 95% C.I. n=4) minutes) than the first. Channel opening frequency returns to near baseline levels between high-frequency influx Journal of Cell Science Accepted manuscript events. Though there was some variability in the amount of time between HGF treatment and the appearance of the first pulse of high-frequency fluxes (Fig. 3C) , the amount of time between pulses (23.6 (±3.1 = 95% C.I., n=5) min) was highly reproducible from experiment to experiment (Fig. 3D) . In order to verify that ion fluxes observed by electrophysiological recordings are indeed calcium currents, we plotted the average currents of channels on the membranes of untreated cells at -40mV and -80mV, and extrapolated these results in a straight line to approximate a reversal potential ( Figure 3G ), which agreed very closely with published reversal potential for Ca 2+ in MDCK (Delles et al., 1995) . However, when we plotted current of high conductance channels at more holding potentials, we found that the resulting plot did not follow the straight extrapolated line. We cannot therefore conclude that the observed ion fluxes are indeed calcium influxes. Further, significant varriation between plots generated in each experiment was observed, indicating that there are multiple high conductance channels with different ion selectivity properties present in the plasma membranes of MDCK cells.
Interestingly, channel conductance and current durations are not significantly affected by HGF treatment, even during high-frequency influx events ( Fig. 3E-F ). This demonstrates that HGF stimulates increased ion fluxes through multiple channel types. Importantly, this result was obtained whether recording were made with cell-attached patches or with whole-cell clamps.
Since HGF alters the frequency of ion fluxes, but not the magnitude or duration of their conductivity, we reasoned that HGF-stimulated cells might alter the number of channels in the plasma membrane, rather than alter the activity of channels already present at the cell surface.
We sought to test whether the dramatic increase in ion fluxes observed following HGF stimulation are a result of channel mobilization from internal vesicle stores. The requirement of the microtubule cytoskeleton for HGF-induced cell scattering supports this hypothesis. Further, previously published data show that Trp channels can be activated via microtubule-dependent vesicle transport (Kennedy et al., 2010) . We therefore sought to determine whether perturbation of the microtubule cytoskeleton prevents transient pulses of high-frequency ion fluxes in response to HGF stimulation. MDCK cells were treated with a commercial microtubule polymerization inhibitor, stimulated with HGF, and subjected to electrophysiological recording.
Prior to and immediately after HGF treatment, cells exhibit a low frequency of ion fluxes through low-and high-conductance channels, as before (Fig. 4A) . Following HGF stimulation, no increase in frequency of ion fluxes is observed, even 30 minutes after HGF stimulation and beyond ( Fig. 4B , a 42-minute average of two assays is shown in Fig. 4C ). Importantly, microtubule polymerization inhibitor did not alter channel conductivity or current duration (data not shown). This result clearly shows that an intact microtubule cytoskeleton is required for HGF-induced pulses of high-frequency ion fluxes at the plasma membrane.
We then used electrophysiological recording to examine the effect of (NA(4MC)BS) on plasma membrane ion fluxes. MDCK cells were treated with HGF and NA(4MC)BS was applied during the second, longer high-frequency ion flux event. Within two minutes of neuronal calcium channel blocker addition, conductance through a subset of high-conductance channels began to diminish; after an additional 2 minutes, conductance through these channels was nearly undetectable above background noise (Fig. 5A ). The low conductance channel was resistant to the calcium channel blocker, as were the remaining high-conductance channels. An analysis of high-conductance channel properties reveals that channels that are sensitive to the calcium channel blocker support a slightly higher current than resistant channels ( Fig. 5B-C ). Taken together, these data show that MDCK cells express at least three channels at the plasma membrane, including a low conductance channel and two high-conductance channels. Though
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HGF stimulation results in transient pulses of high-frequency influxes through all three channels types, the neuronal calcium channel blocker identified as an inhibitor of HGF-induced scattering is highly selective for a single high-conductance channel. Since the NA(4MC)BS targets calcium channels, we suggest that the sensitive channel conducts calcium currents.
Identification of channels that participate in HGF signaling
Our next goal was to verify that a calcium channel is required for HGF signaling and identify the specific channel required for HGF-induced scattering. Our first step was to establish an expression profile for known calcium channels in MDCK cells by reverse-transcriptase PCR.
Since c-met activation triggers dramatic changes in gene expression in MDCK cells (Balkovetz et al., 2004) , calcium channel expression was determined before and after HGF treatment. We found detectable levels of expression of a number of Trp calcium channels, including TrpC 1, 4, 6, and 7, TrpV 1-4, TrpM 3-8, and PKD 1-2 (Fig. 6A ). Importantly, we performed control reactions on cDNA prepared from dog hippocampus, where many different channel types are expressed, to verify that our primer pairs generate products. In some cases, products that are observed using cDNA templates prepared from MDCK cells are not observed in reactions using templates from hippocampus, demonstrating that this control is imperfect; failure to generate products in any sample may not reflect a lack of expression and we cannot make conclusions about whether TrpV5, V6, M1, or M2 channels are expressed. RT-PCR of several channels, most Campo et al., 2003; Clapham, 2009; Leffler et al., 2007) . Rare lanthanum ion-insensitive highconductance influxes could be accounted for by TrpM6 channels, which have no published sensitivity to La 3+ , have a high conductance, and are known to be expressed at the MDCK plasma membrane (Fig. 6A , Thebault et al., 2009; Topala et al., 2007) .
TrpV4-dependent calcium influxes are activated by HGF stimulation of HepG2 cells (Vriens et al., 2004) , making it a potential candidate for the NA(4MC)BS-sensitive channel in MDCK cells. Similarly, TrpC6 has been implicated in HGF-induced proliferation in prostate cancer cell lines (Wang et al., 2010) . We next sought to identify whether either channel was the molecular target of NA(4MC)BS. In order to do this, we measured the effect of NA (4MC) (±0.32 = 95% C.I., n=5) pA in the presence of low lanthanum ion concentrations or 0.14 (±0.62 = 95% C.I., n=5) pA in the presence of low gadolinium ion concentrations, compared to 1.49 (±0.92 = 95% C.I., n=5) pA for untreated MDCK cells (Fig. 6C) . The channel blocked by NA(4MC)BS is clearly also sensitive to low concentrations of lanthanum and gadolinium ions, suggesting that the molecular target of NA(4MC)BS is TrpC6, and not TrpV4. Thus, since NA(4MC)BS blocks HGF-induced scattering in our original screening assay, we suggest that TrpC6 could be specifically required for HGF-induced scattering.
We sought to confirm this by verifying that TrpV4 and TrpC6 are present in MDCK cell membranes. We measured the effect of channel-specific agonists on calcium currents by electrophysiological recording. Two minutes after the TrpV4-specific agonist 4αPDD (4α-phorbol 12,13-didecanoate) is added to MDCK cells, high-conductance channel opening frequency increases substantially. Analysis revealed that both channel frequency and average channel conductance increases significantly ( Fig. 6D-E) , which is characteristic of the TrpV4 response to 4αPDD (Benfenati et al., 2007) . MDCK cells were then treated with hyperforin, an agonist selective for TrpC6 among Trp channels (Liu and Qin, 2011; Vetter and Lewis, 2011 ).
Hyperforin has also been shown to be an agonist of P-type Ca 2+ channels, though these are generally found only in Purkinje neurons and other excitable cells (Fisunov et al., 2000) and have not been reported to be expressed in MDCK cells. Upon hyperforin treatment, the channel opening rate rises from a few events per minute to a nearly uninterrupted stream of channel openings ( Fig. 6F-G) . Though this supports the idea that TrpC6 is present in the plasma membrane, it is important to note that hyperforin could affect intracellular calcium stores and thus alter ion fluxes at the plasma membrane indirectly. However, when the effect of hyperforin is taken with the observed lanthanum and gadolinium ion sensitivity of the NA(4MC)BSsensitive channel, we conclude that TrpC6 is the target of NA(4MC)BS and is activated by HGF stimulation.
Journal of Cell Science Accepted manuscript
TrpC6 function in HGF-induced epithelial scattering
We sought to confirm that a specific channel was required for, and perhaps sufficient for, HGF-induced EMT. MDCK cells were seeded onto collagen-coated coverslips and actin organization examined by fluorescence after HGF stimulation (Fig. 7A) . HGF treatment resulted in reorganization of actin networks associated with cell-cell junctions, as expected (Sperry et al., 2010) . 
HGF stimulation induces NFAT activation through TrpC6-mediated Ca 2+ influxes
Calcium influxes have been shown to activate NFAT-dependent gene transcription. We reasoned that HGF-induced increases in calcium influxes might increase NFAT-mediated gene transcription and, further, that NFAT is required for HGF-induced EMT. We first tested this by measuring the effect of a cell-permeable peptide-based inhibitor of NFAT (EMD Millipore) on HGF-induced scattering in our original screening assay. This inhibitor prevents cell scattering following HGF stimulation (reduced to 46.4% (±30.4% = 95% C.I., n=10) of normal level, where 0%=the average untreated control value and 100%=the average HGF-treated control value), demonstrating a role for NFAT. We then sought to determine whether HGF stimulation increases NFAT-dependent gene transcription. We generated a stable MDCK cell line bearing a luciferase-based NFAT reporter construct and measured the effect of HGF stimulation on luciferase expression. Luciferase activity is transiently and significantly increased 40 minutes after HGF stimulation (Fig. 7B) , a timing that precisely follows the published 10-minute delay between a Ca 2+ pulse and NFAT activation (Tomida et al., 2003) (Fig. 7C ). This shows that TrpC6-mediated calcium influxes are required for NFAT-mediated transcription after HGF stimulation, even though ion fluxes through other channels are still increased following HGF stimulation.
We also examined the effect of HGF stimulation on the nuclear localization of NFAT proteins. In order to first determine the identity of the NFAT protein expressed in MDCK cells, we conducted a series of RT-PCR screens for each of the NFAT subtypes. These experiments revealed that MDCK cells express the c1 and c4 isoforms of NFAT and that HGF stimulation does not significantly affect the expression of these proteins (Fig. 7D) . Immunofluorescence reveals that NFAT-c4 is recruited to the nucleus in a calcium channel dependent manner after HGF stimulation (Fig. 7E-F signaling is also consistent with a role for calcium influxes, though we must point out that the selectivity of this particular channel for calcium is not high (Alexander et al., 2008) .
Increased calcium signaling downstream of HGF has been observed in a number of systems and occurs through a variety of calcium channels, including TrpC6 (Jin et al., 2002; Wang et al., 2010; Waning et al., 2007; Wondergem et al., 2008) . In HepG2 cells treated with HGF, increased cytosolic calcium results from influxes from the plasma membrane and from intracellular stores, both through TrpV1 and TrpV4 channels (Vriens et al., 2004; Wang et al., 2010) . In glioblastoma, it is TrpM8 that increases cytosolic calcium concentration in response to HGF treatment (Wondergem et al., 2008) . In HK2 cells, a renal tubular epithelial cell line, TrpC6
is required for HGF-induced proliferation, migration, and actin rearrangements (Rampino et al., 2007) . Further, exogenous overexpression of the calcium channel polycystin-1 in MDCK cells drives scattering (Boca et al., 2007) , suggesting that calcium influxes play a role in EMT. Our results confirm that calcium influxes at the plasma membrane can occur through multiple channels, including TrpV4 and TrpC6 in MDCK cells. Interestingly, HGF stimulation results in highly reproducible periodic increases in high-frequency ion fluxes, including calcium currents.
How are ion flux increases at the plasma membrane triggered? It is possible that plasma membrane channels are calcium dependent and are activated by release of calcium from intracellular stores, which would help explain how activation of multiple channel types is coordinated. In this scenario, calcium channel blockers could prevent plasma membrane channel activation indirectly. NA(4MC)BS clearly affects a specific plasma membrane channels while leaving others unaffected, which would be unexpected if it blocked intracellular calcium store releases that account for activation of multiple channels at the plasma membrane. Further, it remains unclear how inhibitors of microtubule polymerization block increased plasma membrane ion fluxes after HGF stimulation if these are driven by intracellular calcium store releases.
Several lines of evidence suggest that calcium signaling downstream of HGF stimulation occurs as a result of vesicle deposition in the plasma membrane, a model which we favor. First, calcium signaling occurs as a result of changes in opening frequency, rather than increases in the duration or magnitude of current. This suggests that the number of channels in the plasma membrane increases, rather than that existing channels alter their conductance properties. Second, highfrequency influx events occur through all channel types in the membranes of MDCK cells, consistent with the observation that HGF signaling has been shown to trigger ion channel fluxes generally, including through TrpC6, perhaps explaining why a number of ion channel blockers have been shown to block HGF signaling (Jin et al., 2002; Rampino et al., 2007; Wang et al., 2010) . This indicates that regulation of channel activity at the membrane is not specific to channel type, as would be expected in the case of vesicle delivery. Third is the observation that microtubule polymerization inhibitors prevent pulses of high-frequency calcium influxes in response to HGF. This suggests that microtubule-based vesicle mobilization is required for observed pulses of increased calcium influxes, similar to the vesicle-mediated calcium channel delivery induced by epidermal growth factor in HEK-293 cells and by nerve growth factor in neuronal growth cones (Bezzerides et al., 2004) . How vesicle trafficking generates such sudden and transient increases in high-frequency calcium influxes remains unclear. Another alternative hypothesis is that calcium influxes are driven by cell morphology changes that occur in pulses during early EMT. Trp channels are stretch-gated and it is likely that activation of such channels
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in response to physical forces would impact multiple channel types, though we would expect changes in conductance properties if such was the case.
While an important role for calcium in HGF signaling has been emerging in the literature, less clear has been whether individual channel types make specific, non-redundant contributions to signaling. Our results highlight that TrpC6, among several channels expressed at the plasma membrane, plays a non-redundant and specific role in HGF signaling. In MDCK cells, selective blockade of TrpC6 prevents EMT-like cell scattering and downstream activation of NFAT-dependent gene transcription, even though calcium influxes through other channels still occur. Importantly, that TrpC6 is required for HGF-induced scattering does not preclude other channels from also being required for EMT, though perhaps in different branches of the HGF signaling network. Though there is evidence that ion channels play a general role in cellular processes downstream of HGF (Jin et al., 2002; Rampino et al., 2007) , we propose that calcium influxes through specific channels are connected to specific downstream signaling events.
Activation of multiple calcium channels, each tied to distinct downstream signaling events, could facilitate selective and independent activation of multiple downstream effectors. Previously published evidence supports this idea, as it links TrpV6-to Ca 2+ signaling and NFAT activation that are required for cell proliferation in prostate cancer (Lehen'Kyi et al., 2007) . This idea is further supported by the observation that econazole and ruthenium red have unique effects on HGF signaling; though both reduce HGF-induced cell scattering, their effects on HGF-induced proliferation, migration, and actin rearrangements are distinct. This is likely a result of differential sensitivity of calcium channels to these agents and their coupling with distinct downstream effectors. Though the reason for the differential effect of each of these generic blockers is uncertain, it provides room for speculation that specific channels are associated with specific downstream signaling outcomes, even if ion selectivity is not distinct between channel types.
A key question is how calcium influxes alter cellular behavior, resulting in EMT or other responses to HGF signaling. Calcium clearly plays a role in generating actin rearrangements in cells responding to HGF stimulation. The cell morphology changes of HGF-induced EMT are associated with dramatic rearrangements of the actin cytoskeleton, and it is interesting that many actin regulatory systems are impacted by calcium, either directly or indirectly. Our identification of NFAT-dependent gene transcription as being required for cell scattering shows that calcium can operate by changing gene expression profiles in HGF-stimulated cells. There is also published evidence that calcium-dependent kinases mediate effects of HGF signaling (Tyndall et al., 2007) . Calcium influxes also impact conductance through other channel types, such as calcium-dependent potassium channels, which have been implicated in mediating HGF signaling, particularly as it affects cell migration (Liu et al., 1998; Rampino et al., 2007) .
Interestingly, calcium-dependent potassium currents occur with periodic oscillations that begin minutes after HGF stimulation of SC-M1 cells (Liu et al., 1998 ).
Our library screen highlights the central role of calcium in HGF signaling and provides molecular details into how calcium influxes are controlled and how calcium influxes exert downstream effects, thus providing a picture of an important biological circuit within the HGF signaling network. Results presented here highlight how an unbiased small molecule screening approach can be applied to dissect complex signaling networks.
MATERIALS AND METHODS
Cell culture and assays
MDCK II cells were cultured in DMEM + 10% FBS at 37°C in 5% CO 2 . HGF-conditioned media was generated by MRC-5 cells cultured in DMEM + 10% FBS. Transwell migration assays were performed in Corning plates with an 8μm pore size (Corning, Lowell, MA, USA).
Cells were plated at 75,000 per well on the top of the filter and incubated for 20-24 hours. Where applicable, HGF-containing media was added to the lower compartment after the experimental compound. Cells were incubated a further 20-24 hours and then rinsed with ice-cold PBS, fixed on ice for 15 minutes with 4% paraformaldehyde, and stained with crystal violet. Cells that had not penetrated the filter were swabbed from the top of the filter and plates were scanned for color intensity by a FluorChem photometer (Cell Biosciences, Santa Clara, CA, USA). Migration assays were performed using Oris Cell Migration Assays (Platypus Technologies, Madison, WI, USA). 75,000 cells were seeded into each well, and plates were incubated 24 hours. Treatments were added to each well and the stoppers were removed. After 18 hours of further incubation, cells were rinsed with ice-cold PBS, fixed on ice for 15 minutes with 4% PFA, and stained with crystal violet. Each well was photographed and cell migration was analyzed using SlideBook software (Olympus, Center Valley, PA). For proliferation assays, 10,000 cells were seeded into each well of a standard flat-bottomed 96-well tissue culture plate and incubated for 24 hours.
Treatments were added and cells were incubated a further 12, 24, 36, or 48 hours before being fixed with 4% PFA and stained with crystal violet. Cell density was then determined using a FluorChem photometer (Alpha Innotech, San Leandro, CA, USA). Unclassified compounds were obtained from ChemBridge (San Diego, CA, USA).
Gene reporter assay
MDCK cells were infected with a viral vector containing an NFAT Reporter (SABiosciences, Frederick, MD, USA). Cells were selected with G418 for 14 days to generate a stable polyclonal cell line. Cells from this line were plated at a density of 250,000 cells/well on 24-well plates.
Cells were incubated for about 48 hours. The cell media was then treated with 20% HGFconditioned media with or without drug NA(4MC)BS or left untreated as a control. Cells were harvested using the Promega (Sunnyvale, CA, USA) luciferase assay kit according to the product instructions. Luciferase intensity was determined with a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA, USA).
Patch clamping
Before patching, cells were rinsed twice in room temperature Ringer's solution. potential and whole-cell patching was performed at -40 mV holding potential. All patch clamping was done using an Axopatch 200A amplifier (Molecular Devices), and electrodes were pulled from thin-wall borosilicate glass (GC150TF-10, OD = 1.5 mm with a filament, Warner
Instruments, Hamden, CT, USA).
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Reverse-transcriptase PCR MDCK II cells were cultured as indicated above and were either left untreated or cultured in the presence of 5% HGF-conditioned media for 16 hours. mRNA was harvested and reverse transcribed using the ImProm-IITM Reverse Transcription System (Promega, Sunnyvale, CA, USA) according to the manufacturer's instructions. Control reactions were performed using cDNA generated from dog hippocampus (Zyagen, San Diego, CA, USA). Primers are listed in Table 1 .
Immunofluorescence
MDCK cells were cultured on collagen-coated glass coverslips overnight. 10% HGF-conditioned media was then added to each well at 10-minute increments for 70 minutes with an additional well treated with Gd 2 (SO 4 ) 3 and 10% HGF simultaneously and allowed to respond for 40 minutes, rinsed in PBS, and then fixed for 15 minutes on ice with 4% paraformaldehyde in PBS.
Cells were blocked in PBS supplemented with 0.2% bovine serum albumin, 50mM NH 4 Cl, and 0.5% Triton X overnight. Cells were then stained with DAPI and with Alexa-conjugated phalloidin or primary antibodies against NFATc1 and NFATc4 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by secondary antibody treatment with goat anti-rabbit or goat anti-mouse antibodies (Invitrogen, Carlsbad, CA, USA) conjugated to Alexa-fluor 594 or 488.
Coverslips were mounted in VectaShield (Vector Labs, Burlingame, CA, USA) and viewed under an Olympus BX41 phase contrast microscope with a 100x/1.30 oil objective lens. Images were acquired at room temperature with a Hamamatsu Orca-ER digital camera and analyzed using SlideBook software. Contrast was enhanced uniformly in the hippocampal control gels in Electrophysiology recording beginning immediately after addition of 10μM hyperforin. G.
Channel currents after addition of 10μM hyperforin. See also Table S1 . Error bars = s.e.m. Light Transmission (A.U.)
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